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Introduction
Following the invention of the rst practical organic light emitting diode (OLED), 1 electrophosphorescent devices have drawn intense and sustained investigation for realizing the next generation full color displays and solid-state lighting applications because of their high quantum efficiency compared with conventional uorescent OLEDs, which is achieved by utilizing both singlet and triplet excitons for emission.
2-11 To achieve efficient electrophosphorescent OLEDs (PhOLEDs), emitters comprising heavy-metal complexes are usually dispersed into an appropriate host matrix to suppress concentration quenching and triplet-triplet annihilation. 12 To date, green and red PhOLEDs with 100% internal quantum efficiency have been achieved, 13, 14 but highly efficient blue, and especially deep blue PhOLEDs remain to be further developed, primarily due to a lack of suitable host materials. An ideal host for blue PhOLEDs should possess sufficiently high triplet energy (E T ) (>2.7 eV) to conne triplet excitons within the emitting layer and avoid reverse energy transfer from guest to host. In addition, the host should also possess high thermal, electrochemical, and morphological stability and good lm-forming ability to achieve devices with high performance.
Many small-molecule hosts have been widely used to fabricate blue PhOLEDs, some of which perform very efficiently.
15-23
However, these hosts are deposited by vacuum thermal evaporation, and thus high fabrication cost, device complexity, and control of reproducibility still hamper the practical applicability of blue PhOLEDs. In contrast, solution processing techniques, such as spin-coating and ink-jet printing, are cost-effective and convenient for simple device congurations, which are desirable for large-area devices such as at panel displays. 24, 25 Unlike small-molecule hosts, polymeric hosts allow easy manufacture of PhOLEDs through solution processing technology because of their good thermal and morphological stability and high affinity for substrates. New polymeric hosts for blue, and especially for deep blue PhOLEDs are currently very much in demand. [26] [27] [28] [29] [30] [31] In this context [bis(4,6-diuorophenyl)-pyridinato-N,C 2 ]iridium(III) picolinate (Firpic) is the benchmark dopant for blue PhOLEDs. However, FIrpic has limited solubility in common organic solvents and is known to aggregate at high concentration. FIrpic devices have poor color stability and short lifetimes due to degradation of the complex. 32 Thus, it is vital to develop polymeric hosts which are suitable for a wider range of blue emitting phosphors, such as [bis((3,5-diuorophenyl)-4-(2,4,6-trimethylphenyl)pyridine)]iridium(III) picolinate (TMP-FIrpic), which is a blue dopant with good solubility for stable PhOLEDs at high doping concentration, 33 and deep blue dopants, such as [bis (2,4- 
Silica-based organic-inorganic hybrid materials have been studied for ideal host materials because of their advantages of very high thermal and chemical stabilities, good mechanical properties and high transparency, which are easily achieved by design of the organic and inorganic parts, respectively.
34-39 For instance, phenylsilane and carbazole building blocks have been combined in a non-conjugated way to provide thermally-stable small-molecule hosts, [40] [41] [42] e.g. DPSiCBP (9-(4-(triphenylsilyl)-phenyl)-9H-carbazole). Also DPSiCBP exerts a unique hindering effect on the molecular packing characteristics in the condensed phase. 40 Herein, we successfully incorporate carbazole moieties as pendant groups into a polyphenylsilane chain to obtain a versatile polymeric host PCzSiPh (4) for several blue/deep blue emitting phosphors. The key molecular design features are as follows. Carbazole is a versatile unit in host molecules because it improves both hole injection and hole mobility. [40] [41] [42] [43] [44] Carbazole also has a high E T of 3.0 eV. Importantly, the tetrahedral geometry of the silicon atom in tetraphenylsilane ensures limited p-conjugation between any two neighbouring carbazole pendants, which will maintain a high E T value. Therefore, PCzSiPh prevents reverse energy transfer from guest to host. Moreover, PCzSiPh possesses a high degradation temperature, excellent lm-forming ability and good compatibility with blue phosphors. We now report that blue and deep blue phosphorescent devices based on four phosphors have been assembled by solution processing of the single-emitter layer. Notably, PCzSiPh-based devices doped with TMP-FIrpic achieve signi-cantly higher electroluminescence efficiency than directly comparable devices using the conventional poly(vinylcarbazole) (PVK) host. Moreover, all the blue and deep blue devices display excellent performance. Therefore, the new polyphenylsilane PCzSiPh (4) is demonstrated to be an outstanding and versatile host material for solution processed blue and deep blue PhOLEDs. We note that a polymeric host with a non-conjugated triphenylphosphine oxide backbone and pendant carbazole units has been used as a host for FIrpic; however, deep blue dopants were not reported.
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Results and discussion
Synthesis and characterization
The synthetic route and chemical structure of PCzSiPh (4) are depicted in Scheme 1. The silicon-containing skeleton tris(4-bromophenyl)(phenyl)silane (1) was synthesized by lithiumhalogen exchange reaction and then the carbazole moiety was attached to form a dibromo-monomer (2) by a modied Ullmann C-N coupling reaction in the presence of copper(I) iodide as a catalyst and (+/À)-trans-1,2-diaminocyclohexane as a ligand in dioxane. The diboronic ester (3), which is another key reagent for polymerization, was obtained from (2) with bis(pinacolato)-diboron. PCzSiPh (4) was synthesized from the corresponding dibromo-and diboronic ester-monomers (2) and (3) through a Suzuki coupling protocol. The resulting polymer (4) was obtained as a white solid.
1 H NMR, 13 C NMR, 29 Si NMR spectroscopies and mass spectrometry fully conrmed the chemical structures of the new compounds. Polymer (4) was characterized by 1 H NMR, 29 Si NMR spectroscopy and gel permeation chromatography (GPC). The weight average molecular weight was determined to be 13 kDa with a narrow polydispersity index of 1.58 by GPC in THF using polystyrene as a standard. Additionally, PCzSiPh (4) is highly soluble in usual organic solvents such as chloroform, tetrahydrofuran, toluene and chlorobenzene. Therefore, it can be easily fabricated into lms by casting, spin-coating, and dipping techniques.
Thermal analysis
The thermal properties of PCzSiPh (4) were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) in nitrogen atmosphere at a heating rate of 10 C min
À1
. The data are listed in Table 1 . PCzSiPh exhibits high thermal stability with decomposition temperature (T d , corresponding to 5% weight loss) of 428 C (Fig. 1a) . The morphological stability of PCzSiPh was monitored by DSC which shows an endothermic transition due to a glass transition (T g ) at 118 C for the second heating scan (Fig. 1b) .
Scheme 1 Synthetic route for PCzSiPh (4). However, no exothermic peak due to crystallization nor an endothermic peak due to melting was observed over the investigated temperature range (40-250 C) . These results indicate that PCzSiPh is a stable amorphous material. The T g value of PCzSiPh is signicantly higher than that of corresponding monomer DPSiCBP (9-(4-(triphenylsilyl)phenyl)-9H-carbazole) (T g ¼ 71 C), 40 which should result from the steric hindrance of each pendant unit and the increased molecular size of PCzSiPh. Based on the excellent thermal and amorphous stabilities of PCzSiPh, thermally durable and morphologically stable thin lms and devices can be expected by spin-coating, which matches the basic requirement for host materials used in OLEDs.
Film-forming ability
To investigate the morphological stability of PCzSiPh as a host material, as well as compatibility with blue dopants (structures shown in Fig. 5 ), atomic force microscopy (AFM) was employed to image the surface of the solution-processed lms of PCzSiPh doped with 10 wt% TMP-FIrpic, 33 10 wt% FIrpic, 10 wt% FIr6 and 3 wt% FCNIrpic, respectively. As shown in Fig. 2 , all the doped lms show smooth and homogeneous morphologies, with small values of root-mean square (RMS) roughness of 0.47 nm for TMP-FIrpic, 0.42 nm for FIrpic, 0.49 nm for FIr6, 0.36 nm for FCNIrpic lms, respectively. These results imply that the tetrahedral silicon conguration in PCzSiPh provides a stabilizing environment for dopants and should ensure that the structural integrity of the lms is retained throughout the entire OLED fabrication process.
Photophysical properties
The UV-vis absorption spectrum of PCzSiPh in dilute dichloromethane (DCM) solution is presented in Fig. 3a . The peaks at around 293 nm and weaker absorption peaks at longer wavelengths of 326 and 340 nm are attributed to the p-p* transitions of extended conjugation of the carbazole moiety. In addition, a relatively wide energy gap (E g ) of 3.57 eV is obtained from the onset of absorption.
As shown in Fig. 3a , the photoluminescence (PL) spectrum of PCzSiPh displays intense UV emission peaks at 351 and 363 nm, compared with 4,4 0 -bis(N-carbazolyl)-1,1 0 -biphenyl (CBP) (372 nm) a distinct higher energy emission is observed. The absorption and emission spectra of PCzSiPh are nearly identical to those of a previous phenylcarbazole-silane hybrid structure, 36, 40 suggesting that the polytetraphenylsilane backbone does not signicantly inuence the photophysical properties of the carbazole chromophores. The E T of PCzSiPh was obtained from its phosphorescence spectrum in a frozen DCM solution at 77 K which reveals a well-structured band with main emission peaks at l max 444 and 464 nm (Fig. 3a) . An E T of 2.79 eV was calculated from the peak of the highest energy vibronic subband of this spectrum; this value is much higher than that of most commonly used phosphorescent dyes. The high E T of PCzSiPh can be attributed to the disruption of p conjugation caused by the tetrahedral silicon atom between each phenylcarbazole group within the polytetraphenylsilane main chain.
Electrochemical analysis
The electrochemical behavior of PCzSiPh was investigated by cyclic voltammetry (CV) using tetra(n-butyl)ammonium hexauorophosphate (0.1 M) as a supporting electrolyte in anhydrous DCM under a nitrogen atmosphere. In Fig. 3b , the CV shows an irreversible oxidation feature similar to other carbazole derivatives with unprotected 3,6-positions. The oxidation onset potential is at 0.73 V versus Ag/Ag + . As a result, the highest occupied molecular orbital (HOMO) energy level of PCzSiPh was calculated according to the empirical formula E HOMO ¼ À(4.8 + E on ox À E Fc ) eV. The lowest unoccupied molecular orbital (LUMO) energy level was obtained by adding the optical E g to the HOMO level (as shown in Table 1 ). The HOMO level of PCzSiPh is À5.65 eV, which is very similar to that of smallmolecule carbazole-silane derivatives. [40] [41] [42] This indicates that the HOMO of PCzSiPh is located mainly at the electron rich carbazole unit, and the backbone of the polymer does not affect the HOMO energy level.
Theoretical calculations
To understand the structure-property relationship of PCzSiPh at the molecular level, density functional theory (DFT) calculations were performed on a dimer model of PCzSiPh at the B3LYP/6-31G (d) theoretical level. The contour plots depicted in Fig. 4 show that the HOMO is localized on the carbazole group, while the LUMO is localized mainly on the polymer backbone. The almost complete separation of the HOMO and LUMO can be attributed to the silicon linkage between the 9-phenylcarbazole pendants and the backbone of PCzSiPh resulting in a minimal intramolecular interaction, which will not only benet efficient hole-and electron-transporting properties, 45 but also renders the HOMO levels of host materials tunable by incorporating different donor pendants. 46 
Phosphorescent OLEDs
To evaluate the ability of PCzSiPh to act as a host material for solution-processed blue PhOLEDs, we rst adopted the modied FIrpic with a trimethylphenyl (TMP) substituent (TMPFIrpic) 33 as a blue phosphor to investigate the effect of different doping concentration. The device conguration is: indium tin oxide (ITO)/PEDOT:PSS (40 nm)/host:TMP-FIrpic (40-50 nm)/ 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (Tm3PyPB, 5 nm)/1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi, 30 nm)/LiF (1 nm)/Al (60 nm). In this architecture, PEDOT:PSS acts as a hole injection layer, the emitting layer was spin-coating from chlorobenzene solution onto the PEDOT:PSS smoothed ITO glass substrate, and Tm3PyPB (ref. 47 ) and TPBi were used as the hole/exciton-blocking and electron-transporting layers, respectively. For each device, the host, dopant and dopant concentration are listed in Table 2 . TMP-FIrpic has been shown to offer signicant advantages over FIrpic due to reduced concentration quenching and improved solubility in common solvents. 33 For comparison, device 1 used a standard 10 wt% dopant concentration, whereas device 2 used an optimized 24 wt% TMP-FIrpic based on the literature precedent for this complex in PVK host.
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From luminance-voltage and current density-voltage characteristics ( Fig. 6a and b ) and efficiency versus current density curves ( Fig. 6c and d) for devices 1 and 2, a striking improvement of luminance from 2613 to 3987 cd m À2 , and luminance efficiency from 12.38 to 16.20 cd A À1 accompanies the increase in TMP-FIrpic loading. This is consistent with enhanced electron transporting ability and more balanced charge carrier ow in the emitting layer with increased TMP-FIrpic concentration. Meanwhile, for comparison, device 3 using PVK as the host at the concentration of 24 wt% TMP-FIrpic was also fabricated under precisely the same conditions as devices 1 and 2. The overall performance of the PVK-TMP-FIrpic device 3 was considerably lower than the analogous PCzSiPh host device 2. Moreover, the EL spectra of PVK-host device 3 ( Fig. 7c ) broaden signicantly with increasing voltage, while the spectra of the PCzSiPh-based device 2 are essentially independent of the applied voltage (Fig. 7b) . This conrms that at the high dopant concentration PCzSiPh is more efficient than PVK at preventing dopant aggregation, which results in lower efficiency of PVKbased device 3.
Moreover, compared with device 2, we removed the increased slightly which indicates that even without the Tm3PyPB hole/exciton-blocking layer PCzSiPh can efficiently conne triplet excitons within the emitting layer. This is further conrmed by the reduced broadening of the EL spectra (Fig. 7d ) compared with that of PVK-based device 3 ( Fig. 7c ) which contains the hole/exciton-blocking layer. Our device architecture is a commonly-used optimized architecture for FIrpic, but may not be ideal for other FIrpic derivatives, which have different solubility in the casting solvents and different morphology in thin lms.
The normalized electroluminance spectra of devices 1-4 are shown in Fig. 7 and the Commission International de I'Eclairage (CIE) coordinates are listed in Table 2 . As clearly seen, except for the device 3 ( Fig. 7c) based on PVK host with l max at 480 nm, the other devices' spectra peak at 475 nm, and their EL bands are nearly identical. Hence the EL originates only from the TMPFIrpic molecule, indicating an essentially complete energy or charge transfer from hosts to TMP-FIrpic. In addition, for PCzSiPh devices 1 and 2 no obvious CIE change can be seen with increasing voltages, whereas the CIE change for PVK device 3 from (0.180, 0.388) to (0.218, 0.416) is more obvious than that of device 4 from (0.169, 0.361) to (0.182, 0.376). These results unambiguously establish that PCzSiPh is a better host than PVK.
Based on the very promising performances of PCzSiPh as the host for TMP-FIrpic emitter and its high triplet energy level, PCzSiPh was also used as a universal host material for analogous blue (FIrpic) and deep blue phosphors, (FIr6 and FCNIrpic) (Fig. 5 ). These devices 5-7 have the same congura-tion as device 1. Fig. 8a -d depict the current density-voltage, brightness-voltage characteristics and device efficiencies. , 10.8%), 26 and even compete with the more complicated device architectures, such as the incorporation of TAPC as electron-blocking layer via a solution process, 48 a double-emission-layer structured device 49 and a mixed host system. 50 The EL spectra of devices employing these phosphors are shown in Fig. S1 . † All show the same main emission peak as literature reports for these phosphors and they demonstrate good color stability at different voltages.
To further investigate the exciton connement, the transient photoluminescence decay of different phosphors doped into Table 2 ). PCzSiPh was measured (Fig. S13 †) . The PCzSiPh: 3 wt% FCNIrpic lm exhibits a complicated non-exponential decay curve, which can be attributed to the exothermic energy transfer from FCNIrpic to PCzSiPh and the endothermic energy transfer to FCNIrpic. This may induce triplet exciton quenching by the emitting layer for FCNIrpic-based deep blue phosphorescent OLEDs, and thus a sharply decreased performance compared with that of the FIrpic-based device. The transient decay of the PCzSiPh: 10 wt% FIr6 lm is not monoexponential. PCzSiPh: 10 wt% FIrpic lm exhibits a more approximate monoexponential decay curve than that of PCzSiPh: 10 wt% TMP-FIrpic lm, indicating that the triplet energy transfer from FIrpic to PCzSiPh is completely suppressed and the energy is well conned on the FIrpic molecules. This will lead to the observed highly efficient blue phosphorescent OLEDs.
Experimental section
Materials
All reactants (Adamas-beta) were purchased from Adamas Reagent, Ltd. and used without further purication. All solvents were supplied by Beijing Chemical Reagent Co., Ltd. Anhydrous and deoxygenated solvents were obtained by distillation over sodium benzophenone complex.
Molecular simulation
The geometrical and electronic property was carried out on the dimer of PCzSiPh with the Gaussian 09 program package. The molecular orbitals were calculated by the density functional theory (DFT) method at the B3LYP level with the 6-31G(d) atomic basis set.
Device fabrication
The hole-injection material PEDOT:PSS, electron-transporting material TPBi and hole/exciton-blocking material Tm3PyPB were used from commercial sources. ITO-coated glass with a sheet resistance of 10 U per square was used as the substrate. Before device fabrication, the ITO-coated glass substrate was pre-cleaned carefully and exposed to UV-ozone for 2 min. Aer that, PEDOT:PSS was spin-coated onto the clean ITO substrate as a hole-injection layer. Then, the host doped with the phosphor was spin-coated to form a 40 nm thick emissive layer (EML) and annealed at 120 C for 30 min to remove residual solvent. Finally a 5 nm-thick hole/exciton-blocking layer of Tm3PyPB and a 30 nm-thick electron-transporting layer (ETL) of TPBi were vacuum deposited, and a cathode composed of a 1 nm-thick layer of lithium uoride (LiF) and aluminum (60 nm) were sequentially deposited onto the substrate through shadow masking with a pressure of 10 À6 Torr. The current densityvoltage-luminance (J-V-L) characteristic of the device was measured using a Keithley 2400 Source meter and a Keithley 2000 Source multimeter equipped with a calibrated Si-photodiode in a glove box. The EL spectra were measured using a JY SPEX CCD 3000 spectrometer. The EQE values were calculated from the luminance, current density, and electroluminescence spectrum according to standard methods. All measurements were performed at room temperature under ambient conditions. and assignment. UV-vis absorption spectra were recorded on a Shimadzu UV-3600 recording spectrophotometer. PL spectra were recorded on a Hitachi F-7000 uorescence spectrophotometer. Differential scanning calorimetry (DSC) was performed on a TA Q2000 Differential Scanning Calorimeter at a heating rate of 10 C min À1 from 30 to 250 C under nitrogen atmosphere. The glass transition temperature (T g ) was determined from the second heating scan. Thermogravimetric analysis (TGA) was undertaken with a METTLER TOLEDO TGA/DSC 1/1100SF instrument. The thermal stability of the samples under a nitrogen atmosphere was determined by measuring their weight loss while heating at a rate of 10 C min À1 from 30 to 800 C. Cyclic voltammetry (CV) was carried out in nitrogenpurged dichloromethane (oxidation scan) at room temperature with a CHI voltammetric analyzer. Tetrabutylammonium hexauorophosphate (TBAPF 6 ) (0.1 M) was used as the supporting electrolyte. The conventional three-electrode conguration consists of a glassy carbon working electrode, a platinum wire auxiliary electrode, and an Ag/AgNO 3 pseudo-reference electrode with ferrocenium-ferrocene (Fc + /Fc) as the internal standard. Cyclic voltammograms were obtained at scan rate of 100 mV s À1 . The onset potential was determined from the intersection of two tangents drawn at the rising and background current of the cyclic voltammogram. Gel permeation chromatography (GPC) analysis was carried out on a Waters 515-2410 system using polystyrene standards as molecular weight references and tetrahydrofuran (THF) as the eluent. The morphologies and thickness of the polymer lms coated on the ITO substrate was measured using atomic force microscopy (Agilent-5500 AFM) under tapping mode. The ESI-MS spectra were recorded in positive ion mode on Xevo G2 QTof mass spectrometer (Waters, Manchester, UK).
Synthetic procedures
Tris(4-bromophenyl)(phenyl)silane (1). 1,4-Dibromobenzene (42.5 g, 180 mmol) was dissolved in dry diethyl ether (250 mL) and cooled to 0 C in an ice/water bath. To the solution was added n-BuLi (1.6 M, 120 mL, 1.05 equiv.) dropwise via a syringe. Aer being stirred for 1 h, trichlorophenylsilane (9.6 mL, 60 mmol) was added dropwise. Then the reaction mixture was warmed to room temperature and stirred overnight. The reaction mixture was then poured into water and extracted with diethyl ether. The combined organic solution was washed with water and dried over anhydrous Na 2 SO 4 . The crude product was puried by recrystallization in ethanol as colorless crystals (29.6 g, 86% yield 4 . Aer removal of the solvent, the residue was puried by column chromatography on silica gel using petroleum/dichloromethane (10 : 1 v/v) as the eluent, followed by recrystallization with CH 2 Cl 2 and ethanol to give a white powder in 57% yield (15 g 
Conclusions
In summary, a solution-processable polymer with a tetraphenylsilane repeat unit and pendant carbazole units has been synthesized and characterized. The tetrahedral tetraphenylsilane geometry is effective for ensuring the separation of carbazole units, and reducing p-p face-to-face electronic interactions in the polymer. Thus, PCzSiPh exhibits the desirable properties of excellent solubility, high thermal and morphological stability, independent HOMO and LUMO levels at carbazole pendants and polymer backbone, respectively, and a high triplet energy level. Furthermore, the extended molecular size improves the solution processability and thermal stability in comparison with the corresponding (single repeat unit) smallmolecule analog DPSiCBP, without lowering the triplet energies or affecting the electron properties. As a result, PCzSiPh gives solution-processed PhOLEDs with the guest emitter TMP-FIrpic which displays considerably higher efficiency than comparable devices with PVK host. This can be attributed to the high triplet energy (2.79 eV) of PCzSiPh and its ability to conne triplet excitons on the guest, and its good solution processability forming lms with smooth and homogeneous morphology. Moreover, the FIrpic-based device reaches a maximum external quantum efficiency (EQE) of 14.3% which is among the most efficient reported using polymer hosts. We especially note that the versatility of PCzSiPh has been extended to deep blue PhOLEDs based on FIr6 and FCNIrpic as emitters with efficiencies of 11.3 cd A À1 and 8.6 cd A À1 , respectively. These results indicate that PCzSiPh with its high triplet energy has great potential applications as a host in manufacturing highly efficient solution-processed blue and deep blue OLEDs for display and lighting applications.
